The distribution of Na'-independent Cl --HCO3 exchange was studied in individual intercalated cells from in vitro perfused rabbit outer CCDs using dual excitation laser scanning confocal microscopy by measuring the pH1 response to sequential removal of Cl-from both sides of the tubule. Three patterns of intracellular pH (pH1) response were observed. 39% of intercalated cells had only apical Cl--HCO3 exchange (,B cell), 4%
Introduction
The cortical collecting duct (CCD)' is a heterogeneous epithelium composed of two main cell types: principal cells and intercalated cells ( 1) . It is the latter group of cells that is believed to mediate transepithelial CCD acid-base tranwsport. Intercalated cells have been traditionally divided into two types based on their morphology, antibody binding properties, and acid-base tranwsport characteristics. Bicarbonate secretion is attributed to j3 intercalated cells, which have been modeled with an apical Na+-independent Cl--HCO--exchanger, a basolateral H+-ATPase, and a basolateral CP channel. a intercalated cells are thought to effect CCD HCO-absorption and are modeled with an apical H +-ATPase, a basolateral Na+-independent Cl--HCO-exchanger and a basolateral CP channel (2) (3) (4) (5) (6) (7) (8) . In addition, apical lectin binding has been considered a characteristic marker for # cells (3, 9, 13) . Although f# cells do not bind antibodies to the erythrocyte anion exchanger band 3, a cells do exhibit basolateral staining (9, 15, 19) . However, recent morphologic and immunocytochemical studies have identified "hybrid" cells with features attributed to both intercalated cell subtypes (14) (15) (16) (17) 29) . The functional significance of these findings is unknown.
Much ofthe current understanding ofCCD acid-base transport characteristics is derived from whole tubule studies. The heterogeneous nature ofthe CCD makes it difficult to ascertain function on a single-cell level. Optical approaches have been used to study single-cell H + -base transport; however, the cylindrical geometry of the tubule has made optical studies of individual cells troublesome due to the acquisition of out-of-focus information. This difficulty can be overcome using confocal microscopy (10) . The present study was undertaken to functionally characterize the distribution ofNa+-independent C1--HCO-exchange in single intercalated cells in the rabbit outer CCD using dual excitation laser scanning confocal microscopy. The results indicate that the majority of rabbit outer CCD intercalated cells do not fit either of the two classic intercalated cell models.
Methods
Tubule perfusion. Male New Zealand White rabbits weighing 4 lbs and with free access to rabbit chow (Prolab; Agway Country Foods, Inc., Syracuse, NY) were killed by cervical dislocation. The left kidney was removed, cut in coronal sections, and placed in chilled solution 1 (Table I). Cortical collecting ducts were dissected from the outer mm of cortex, with the most superficial end starting at the most distal connecting tubule arcade into the collecting duct ( 11) . The tubule was transferred to a 100-Ml laminar flow chamber and the peritubular bathing solution was exchanged at a rate of 2 ml/min.
Solutions. The solutions used in the study are listed in Table I . All were Na'-free (tetramethylammonium replacement) to Solutions  1  2  3  4  5  6   Tetramethylammonium hydroxide   0  0  115  0  0  0  Tetramethylammonium chloride  140  115  0  20  0  0  Gluconic acid lactone  0  0  115  0  20  0  Tetramethylammonium bicarbonate  0  25  25  25  25  0  KCl   0  0  0  95  0  115 Cl-removal on both sides of the tubule. Then, 0.5 mM H2DIDS was added to either the lumen or bath for 20 min and the Cl-removal studies were repeated in the presence of the stilbene inhibitor. Fig. 7 shows the lack of effect of luminal 0 Time (min) Figure 7 . pHi response of a -y intercalated cell in response to luminal
Cl-removal before and after the addition of 0.5 mM luminal H2DIDS. There was no effect on the intracellular alkalinization resulting from removal of lumen Cl -after 20-min exposure to 0. Fig. 8 shows the lack ofeffect ofbasolateral H2DIDS on the basolateral Cl --base exchanger in an intercalated cell with bilateral Cl --base exchange. Removal of lumen Cl -caused pHi to increase, followed by a further cell alkalinization after removal of basolateral Cl-. After 20 min of H2DIDS exposure on the basolateral side, sequential Cl-removal was repeated, with no effect on the resulting degree of alkalinization. Similar studies in nine intercalated cells with bilateral Cl--base exchange from seven tubules revealed no difference in either the rates of alkalinization in response to removal of basolateral Cl-after stil- (3 intercalated cell model (3, 9, 13) . In eleven separate tubules, experiments were done to determine whether intercalated cells with bilateral Cl--base exchange bind peanut lectin. The tubules were initially perfused with 50 ug/ml FITCpeanut lectin and cells exhibiting apical peanut lectin binding were identified as seen in Fig. 9 . Then, the perfusate was changed to one containing BCECF-AM. After dye loading, Clwas removed sequentially from the apical and basolateral sides of the tubule, as described previously. Of 44 CCD intercalated cells that bound apical peanut lectin, 48% had only apical anion exchange and 52% had both apical and basolateral anion exchange. Thus, CCD intercalated cells with bilateral Cl--base exchange do bind lectin. Therefore, apical peanut lectin binding is not a specific marker for intercalated cells with exclusively apical Cl--base exchange ((3 cells).
Pattern ofCl--base exchange among CCDs. The ability to study several intercalated cells simultaneously in the same tubule permitted comparison of intercalated cell Cl--base exchange patterns within a given tubule along a 250-Mm length. Of 49 tubules in which 4 to 7 intercalated cells were studied, 41% of these tubules had intercalated cells with only one pattern of anion exchange. Fig. 10 illustrates the distribution of anion exchange in intercalated cells of individual tubules with either four, five, six, or seven intercalated cells studied in each tubule. Of those tubules with only one pattern of intercalated cell anion exchange, 35% ofthe tubules had exclusively intercalated cells with apical anion exchange (13 cells) and 65% of the tubules had exclusively intercalated cells with both apical and One scientific concern must be addressed regarding the use ofNaI-free solutions in this study. It is possible that the magnitude ofanion exchange could be decreased due to the lower pHi in the presence ofzero Na+ solutions. A Na+ -free protocol was chosen because the purpose of this study was to examine Na'-independent Cl--base exchange. In the presence of Na', other Na'-dependent transport processes could minimize pHi changes. It is unlikely that either apical or basolateral Cl--base exchange was significantly underestimated in this study for the following reasons. 96% of the 309 intercalated cells studied demonstrated apical anion exchange. Therefore, in only 4% of the 309 intercalated cells would apical anion exchange have been missed. If basolateral anion exchange was missed, the percentage of y cells would be even greater than 57%. However, it is unlikely that basolateral anion exchange was underestimated due to a low pHi effect since, after luminal C1-removal, the starting pHi increased to -7.20 before basolateral Cl-removal. Taken together, it is unlikely that in Na'-containing solutions, the percentages of intercalated cell subtypes would have varied significantly from the results reported in this study.
Although (20) . However, the present studies suggest that cells with only basolateral Cl--base exchange, consistent with the traditional a cell model, are much less common in the rabbit outer CCD. This is in keeping with the findings of Weiner and Hamm, although the anatomical location of the CCDs examined was not specified (21 ) . As such, the cell responsible for HCO-absorption in the rabbit CCD is not known at present. A y cell could mediate HCO-absorption if the basolateral Cl--base rate exceeded the apical rate, and if an apical transport pathway for efflux of acid-equivalents is also present. In the proximal tubule, both the apical and basolateral membranes have Na'-independent Cl--base exchangers. Net HCO-absorption is mediated by other apical H+ efflux and basolateral base efflux pathways (28). Whether similar transport processes are present on the y cell is yet to be determined. Against the notion that y cells mediate HCO-absorption is the finding that the basolateral exchanger of these cells is unaffected by stilbenes. CCD HCO3 absorption, however, is stilbene sensitive. Further studies are needed to distinguish the pHi regulatory role, the volume regulatory role, and the transepithelial He -base transport function of the apical and basolateral anion exchangers in y cells.
Previous reports of variability in CCD Cl -tracer flux have been attributed to axial heterogeneity of intercalated cell subtypes along the rabbit CCD. fi intercalated cells are thought to provide the major pathway for CCD transepithelial Cl-transport and are more common in the outer cortex, the region where Cl -tracer flux is greater (1 1, 24) . However, another explanation is provided by the finding in the present study that, in many CCDs, the intercalated cells are all of the same subtype. It is feasible that similar H'-base transport properties among intercalated cells in the same tubule account for whole tubule H+-base transport differences. The mechanism(s) of intertubule heterogeneity is not clear. Differences in CO2 tension are not a likely explanation, given the known axial gradient of CO2 in the cortex (25, 26) . In addition, it is unlikely that local hormonal differences could exist between individual tubules within the cortex. Further studies are required to better understand this phenomenon of interCCD heterogeneity.
In summary, the majority of rabbit outer CCD intercalated cells (y cells) have both apical and basolateral Cl --HCO3 exchangers which are stilbene insensitive. Apical peanut lectin binds to both f3 cells and y cells. In addition, in many rabbit outer CCDs, intercalated cells in a given tubule are ofthe same subtype, suggesting the presence of intertubule heterogeneity.
